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Purpose: Colorectal cancer cells spread to the liver and crosstalk with the microenviron-
ment, and hepatic stellate cells (HSCs) are the major stromal components in the liver.
However, the role of the interaction between colorectal tumor cells and HSCs in chemother-
apeutic resistance remains unclear. The present study aimed to determine the mechanism of
colorectal tumor cells educating the HSCs to reprogram the metabolism of adjacent tumor
cells and fuel themselves in the metastatic microenvironment of the liver.

Patients and Methods: Immunohistochemistry (IHC) examined the expression of the
monocarboxylate transporters 1 (MCT1) and lactate dehydrogenase B (LDHB) in colorectal
liver metastases (CRLM). The Mann—Whitney U-tests analyzed the association between IL-6
levels and clinical parameters. The mechanisms of normoxic tumor-derived exosomes in the
education of HSCs were investigated using IHC and ELISA. The conditioned medium of
activated HSCs in the regulation of hypoxic tumor cells was analyzed by CCK-8 and cell
apoptosis assays.

Results: The expression of MCT1 and LDHB was high in the liver metastases of irinotecan-
resistant patients, and the high level of IL-6 in the plasma of patients with CRLM was
associated with poor response to irinotecan-based chemotherapy. The colorectal tumor-
derived exosomes activated HSCs to secrete excessive IL-6. Furthermore, the conditioned
medium of activated HSCs enhanced the lactate metabolism of hypoxic tumor cells by
activating the IL-6/STAT3 pathway and upregulating the downstream MCT1 and LDHB,
in order to confer the resistance of SN38, which is the active metabolite of irinotecan.
Conclusion: Taken together, the cultured supernatant of normoxic exosome-educated HSCs
enhances the lactate metabolism of hypoxic tumor cells via the IL-6/STAT3 pathway, in
order to confer the SN38 resistance in a mimic liver metastatic microenvironment.
Keywords: exosomes, hepatic stellate cells, lactate metabolism, colorectal liver metastasis

Introduction

Colorectal cancer is one of the most severe gastrointestinal malignancies that
threaten human health worldwide.' Recent statistics have shown that the morbidity
and mortality of colorectal cancer increase dramatically with the change in people’s
lifestyles.” Some studies have suggested that the liver is the most common organ for
the metastatic spread of colorectal cancer.® At present, approximately 20-25% of

the colorectal cancer patients are known to suffer from liver metastasis at the time
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of diagnosis and receive intensive chemotherapy/
radiotherapy.” Liver metastasis is associated with tumor-
derived inflammatory mediated fibrosis that accelerates the
formation of the “pre-metastasis niche.” Furthermore, the
myofibroblasts (MFs) that originate from hepatic stellate
cells (HSCs) produce fibrous tumor stroma, thereby pro-
moting the invasion, proliferation and drug resistance of
tumor cells.>® Intercellular communication is mainly
implicated in the direct cell-cell crosstalk, and the release
of cytokines and exosomes that carry information.”
Exosomes are nanometer-sized membrane vesicles (30—
150 nm), secreted by normal/cancer cells and that partici-
pate in the intercellular communication and tumor
metastasis.® Furthermore, these fuses with the target cell
membrane and govern the behavior of receptor cells,
including stromal cell activation, tumor cell invasion,
metastasis and angiogenesis.” Recent studies have high-
lighted that exosomes participate in regulating the tumor
microenvironment and progression of colorectal cancer.
Accumulating evidence revealed that tumor-derived exo-
somes convert fibroblasts into cancer-associated fibro-
blasts (CAFs), and ultimately form a drug-resistant
microenvironment.'® However, the process of colorectal
tumor-derived exosomes in activating HSCs has not yet
been elucidated.

Another theory is that accumulated energy production
and biosynthesis are conducive to maintain the viability
and proliferation of tumor cells.'" Previous studies demon-
strated that exosomes effectively mediate the metabolic
reprogramming in the tumor microenvironment. Breast
cancer cells accumulate more glucose for the invasion
and metastasis through exosomal miR-122."? CAFs inhibit
the mitochondrial oxidative phosphorylation of tumor cells
by secreting exosomal SNHG3 to reduce the level of miR-
330-5p and elevate the expression of pyruvate kinase iso-
zymes, thereby increasing glycolysis and enhancing the
proliferation of breast tumor cells.'® At present, lactate
has been under intensive research, because it disturbs the
interaction between tumor and stromal cells and creates
a conducive environment for rapid proliferation.'®
Interestingly, some studies have shown that tumor cells
can intake lactate to fuel the oxidative mitochondrial meta-
bolism through monocarboxylate transporter 1 (MCT1)
and that the expression of MCT1 and lactate dehydrogen-
ase B (LDHB) is
prognosis.'>'® Blood vessels cannot meet the needs of

closely associated with poor

the rapid proliferation of tumor cells, leading to oxygen
deficiency occurs at the center, that is, hypoxia. Hypoxic

tumor cells are a major cause of tumor recurrence and
metastasis caused by resistance to conventional chemora-
diotherapy. In oral squamous cell and prostate cancer,
hypoxic tumor cells secrete proteins and nucleic acids to
promote the invasion and metastasis of normoxic tumor
cells.'”'® However, it remains to be elucidated whether
colorectal tumor-derived exosomes regulate the metabolic
reprogramming of hypoxic tumor cells via HSCs to confer
drug resistance.

In the present study, colorectal tumor-derived exo-
somes activated the HSCs, and the conditioned medium
of activated HSCs increased the lactate metabolism of
hypoxic tumor cells by activating the IL-6/STAT3 pathway
and upregulating the expression of MCT1 and LDHB.
These results revealed that the mutual information
exchange between colorectal cancer cells and HSCs in
liver metastases provides a novel potential mechanism
underlying irinotecan resistance.

Patients and Methods

Clinical Samples

Plasma samples were obtained from 78 patients with col-
orectal liver metastases (CRLM) in the Cancer Hospital of
China Medical University (Liaoning, China) before using
irinotecan between June 2017 and August 2019, and stored
at —80 °C for future use. These patients served as progres-
sive disease (PD), stable disease (SD), or partial response
(PR) based on the response to irinotecan-based chemother-
apy, according to the Response Evaluation Criteria in
Solid Tumors. In parallel, the tissues of liver metastases
were collected from the surgical specimens of patients
with CRLM. These patients did not receive any che-
motherapy before sampling. Furthermore, the clinico-
pathological features and follow-up data were also
reviewed retrospectively. The present study was approved
by the Ethics Committee of the Cancer Hospital of China
Medical University (20170223), and an informed consent
was obtained from all patients.

Cell Culture

The human colorectal cancer cell lines (HCT116 and
LoVo) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA), and cultured in
RPMI-1640 medium (Gibco, Rockville, MD, USA) sup-
plemented with 10% fetal bovine serum (FBS; Gibco,
Rockville, MD, USA) and 1% penicillin/streptomycin
(Gibco, Rockville, MD, USA). The human HSCs
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(ScienCell Research Laboratories, San Diego, CA, USA)
were cultured in stellate cell medium (SteCM; ScienCell
Research Laboratories, San Diego, CA, USA). All cell
lines were maintained at 37 °C in a humidified incubator
containing 5% CO,. In order to mimic the hypoxic envir-
onment, a chemical inducer with 100 uM of CoCl, was
used to treat the tumor cells for 48 h.

Exosome Isolation and Analyses

The exosomes were extracted from tumor cells cultured in
exosome-depleted complete medium for 48 h by ultracen-
trifugation. Briefly, the supernatant was obtained by cen-
trifuging at 2000 xg for 30 min and 10,000 xg for 30 min
at 4 °C. Then, this was filtered using a 0.22-pm filter,
followed by ultracentrifugation at 120,000 xg for 70 min
at 4 °C. Finally, the exosome-enriched pellets were resus-
pended in a volume of 50 L of the suitable buffer.'’
These exosomes were observed under a transmission elec-
tron microscope (FEI Tecnai G2 Spirit; Thermo Scientific,
Waltham, MA, USA), and the size determined by Nano
Tracking System Analysis (NTA) 300 (UK).

Cellular Internalization of Exosomes

In order to determine the interaction between tumor cell exo-
somes and HSCs, the tumor cells were pretreated using DiO
(Beyotime, Shanghai, China). Then, the exosomes (50 pg/mL)
were isolated from the cultured supernatant, according to the
method described above, and co-cultured with Dil (Beyotime,
Shanghai, China)-labeled HSCs for 48 h. Subsequently, the
exosomes and HSCs were analyzed using a fluorescence
microscope (DMi8; Leica, Wetzlar, Germany).

Western Blot

The whole-cell protein was extracted using lysis buffer
(Beyotime, Shanghai, China) and estimated using
acid (BCA) Protein Assay Kit

(Beyotime, Shanghai, China). The equivalent of protein

a Bicinchoninic

was separated using 10% sodium dodecyl sulfate-
polyacrylamide gel -electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene fluoride (PVDF) mem-
brane (Millipore, Burlington, MA, USA). Then, these
membranes were blocked with 5% non-fat milk for 1
h at room temperature and probed with primary antibodies
(Table S1) overnight at 4 °C, followed by incubation with
the fluorescein-conjugated secondary antibody for 1 h at
room temperature and detection using an Enhanced
Chemiluminescence (ECL) Detection kit (Millipore,

Burlington, MA, USA).

Quantitative Real-Time PCR (qPCR)
TRIzol (Takara, Tokyo, Japan) was used to extract the total
RNA from HSCs, LoVo and HCT116, and the mRNA
level of each group was examined. A RT-PCR kit
(Takara, Tokyo, Japan) was used to reverse transcribe the
mRNA into complementary DNA (cDNA) according to
the manufacturer’s instructions. qPCR was conducted
using SYBR Green PCR Master Mix (Takara, Tokyo,
Japan) on a CFX96 Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, US). The PCR program was as
follows: 95 °C for 30 s, then 40 cycles of denaturation at
95 °C for 5 s, annealing at 60 °C for 30 s, and final
extension at 95 °C for 10 s. The GAPDH mRNA was
used as an internal control and the relative expression
level of the target genes was calculated using 2 A<
method. The primer sequences used for real-time PCR
are listed in Table S2.

Immunofluorescence Staining

Cells were grown in 6-well plates (5x10* cells/well), fixed
with 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, blocked with 2% BSA, and incubated with
primary antibodies (Table S1) overnight at 4 °C. Then,
these samples were incubated with Alexa Fluor 488-
conjugated secondary antibody (1:200; Invitrogen,
Carlsbad, CA, USA) at room temperature for 1 h in the
dark, and the nuclei were stained with DAPI (1:300;
Invitrogen, Carlsbad, CA, USA). Finally, the images of
these cells were captured using a fluorescence microscope
DMi8.

Cell Viability Assay

LoVo and HCT116 cells were seeded into 96-well culture
plates (5x10° cells/well) in 100 uL of RPMI-1640 medium
containing 10% FBS for 48 h. Then, SN38, CoCl, and
conditioned medium of HSCs or aHSCs were added to the
cells and incubated for an additional 48 h. The cell viabi-
lity was assessed using Cell Counting Kit-8 (CCK-8) assay
(Dojindo Laboratories, Kumamoto, Japan), according to
the manufacturer’s instructions. The optical density was
recorded at 450 nm.

Cell Apoptosis Analysis

LoVo and HCT116 cells were seeded into 6-well culture
plates (2x10° cells/well). Subsequently, the cells were
harvested after pretreatment and stained with SpL FITC-
Annexin Vand 5 pL PI for 15 min in the dark according to
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the manufacturer’s instructions of the Apoptosis Detection
Kit (BD Pharmingen'™, USA), and quantified using the
FlowJo software (Version 10.2).

ATP Assay

LoVo and HCT116 cells were seeded in 6-well culture
plates (2x10° cells/well) and collected after pretreatment.
The concentration of ATP was measured using an ATP
assay kit, according to manufacturer’s instructions
(Nanjing Jiancheng Bioengineering Institute, Nanjing,

China).

Enzyme-Linked Immunosorbent Assay
(ELISA)

The cellular debris was removed from the conditioned
media of activated hepatic stellate cells (aHSCs) and
human plasma by centrifugation. The IL-6 concentration
was quantified using an ELISA kit (BioLegend, San
Diego, CA, USA), according to the manufacturer’s proto-
col. Briefly, the conditioned media of aHSCs and human
plasma were collected, and the standard and sample were
placed in a microplate pre-coated with IL-6 antibody.
Then, the horseradish peroxidase (HRP) substrate was
added to each well, and the level of IL-6 was measured
at 450 nm.

Small-Interference RNAs (siRNAs)
The siRNAs that targeted the human MCT/ mRNA,
LDHB mRNA and negative control siRNA (siControl)
were designed and synthesized by Ruibobio (Guangzhou,
China). The most effective siRNAs used for further experi-
ments were as follows: MCTI-1: 5'-GCAGTATCCTGGT
GAATAA-3"; MCTI-2: 5'-CTAGCACCTTTATCCACT
A-3';

LDHB-1: 5'-CAACTGGGCTATTGGATTA-3'; LDHB-
2: 5-CAGTCCTGATTGCATCATA-3'. Human STAT3
pool siRNA (L-003544-00-0005) and scrambled siRNA
(D-001810-01-05) were obtained from Dharmacon.
Briefly, 5x10* cells/well of LoVo and HCT116 cells were
transfected with siRNA (50 nM) using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s protocol. After 48 h, the transfected cells
were treated with SN38, CoCl, and conditioned medium
of HSCs or aHSCs.

Immunohistochemistry (IHC)

The IHC staining was conducted on 4-um paraffin-
embedded tissue sections to detect the expression levels of
HIF-1a, a-SMA, IL-6, MCT1 and LDHB proteins. Briefly,
the slides were probed with HIF-1a, a-SMA, 1L-6, MCT1
and LDHB antibodies at 4 °C overnight, and incubated with
HRP-conjugated secondary antibodies at 37 °C for 30 min.
Finally, these sections were stained with DAB and counter-
stained with hematoxylin (Sigma—Aldrich, St. Louis, MO,
USA). Afterwards, the images were captured using
a microscope DMi8.

Statistical Analysis

All statistical data were analyzed using the SPSS 19.0
software. The statistical comparisons between the two
groups were made by two-tailed Student’s ¢-test, and one-
way analysis of variance (ANOVA) with Dunnett’s test
was applied to analyze multiple comparisons among more
than three groups. Mann—Whitney U-test was used to
estimate the association between IL-6 levels and clinical
parameters. P-value <0.05 was considered statistically
significant.

Results

Plasma IL-6 Level and the Expression of
MCTI| and LDHB in CRLM are High in

Irinotecan-Resistant Patients

For advanced colorectal cancer, irinotecan-based che-
motherapy is the primary treatment. However, the effec-
tive rate of this first-line treatment is merely 50%, while
that of the second-line therapy is only 4%.2?' Hypoxia
plays a critical role in tumor-resistant microenvironment.**
A high expression of HIF-la was detected in CRLM
(Figure S1A). MCT1 and LDHB are highly expressed in
the liver metastases of irinotecan-resistant patients as com-
pared to sensitive patients (Figure 1A, P<0.05). In order to
determine whether IL-6 is associated with the progression
of patients with CRLM and resistance to irinotecan, the
clinicopathological features of 78 patients were analyzed.
The plasma IL-6 levels of patients with PD after <4 cycles
of irinotecan treatment were significantly higher than those
in patients who were able to maintain SD or PR
(Figure 1B, P<0.0001). Further analysis revealed that the
upregulated IL-6 in plasma was correlated with high
CA199,

extrahepatic metastases, and multiple liver
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Figure | The expression of MCT| and LDHB, and the plasma IL-6 level in CRLM was elevated in irinotecan-resistant patients. (A) IHC was used to analyze MCT| and
LDHB in the liver metastases of irinotecan-sensitive and irinotecan-resistant patients. (B) ELISA was used to detect the concentration of IL-6 in the plasma of patients with
PD (n=39) and SD or PR (n=39). (C-E) The correlation between the plasma IL-6 concentration and the level of CA199, the extrahepatic metastases state, and the number

of liver metastases.

metastases in advanced colorectal cancer (Table 1 and
Figure 1C-E, P<0.05). These results indicated that plasma
IL-6 level and the expression of MCT1 and LDHB in
CRLM were high in irinotecan-resistant patients, and
high plasma IL-6 levels were significantly related to poor
prognosis.

Tumor-Derived Exosomes Induce the
Activation of HSCs

Exosomes are extracellular vesicles released by various
cells and mediate intercellular communication in the
metastatic niche.”* First, a typical cup-shaped morphol-
ogy of colorectal tumor exosomes was identified by
electron microscopy (Figure 2A). Concurrently, the
size (30-150 nm) and number of exosomes and the
expression of exosomal marker proteins (CD9 and
TSG101)
(Figure 2B and C). Then, tumor-derived exosomes
labeled with DiO (green) were taken up by HSCs
labeled with Dil (red) (Figure 2D), indicating that the
exosomes secreted by these tumor cells were trans-

in cells and exosomes were analyzed

mitted to HSCs. Next, tumor cell exosome-treated

HSCs expressed a-SMA, which is a typical marker of
aHSCs at both the mRNA and protein levels (Figure
2E and F, P<0.05). In addition, the liver metastases of
colorectal cancer patients showed a high expression of
a-SMA (Figure 2G). Therefore, it was concluded that
colorectal tumor-derived exosomes activate HSCs.

p-ERK and p-AKT in Tumor-Derived

Exosomes Regulate IL-6 Secretion

CAFs frequently regulate the inflammatory microenvironment
by altering the pro-inflammatory signaling pathway and
secreting cytokines during tumorigenesis. Herein, the IL-6
concentration in the conditioned medium of aHSCs was
found to be significantly higher than that of HSCs measured
by ELISA, while exosomes increased the expression of IL-6 in
HSCs at both mRNA and protein levels (Figure 3A and B,
P<0.05). In addition, the liver metastases of colorectal cancer
patients had a high expression of IL-6, which was co-
localization with a-SMA aHSCs (Figure 3C).
Consistently, the level of NF-kB in the nucleus of aHSCs
was higher than that of HSCs (Figure 3D). Furthermore,
HSCs were simultaneously treated with NF-kB inhibitor

in
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Table | The Relationship Between Plasma IL-6 Levels and Clinicopathologic Features (N=78)

Characteristics No. of Patients IL-6 (pg/mL) Median Non-Parametric Test Value P-value

No. %

Age (years)

<60 43 55.1 51.44 Z=-1.045 0.296
260 35 449 29.44

Gender
Male 40 51.3 33.89 Z=-1.365 0.172
Female 38 48.7 47.22

Simultaneous/Heterogeneous liver metastasis
Simultaneous 27 34.6 33.00 Z=-0.116 0.908
Heterogeneous 51 65.4 43.00

Number of liver metastases
<6 34 43.6 14.11 Z= —3.245 0.001
>6 44 56.4 53.67

Diameter of liver metastases
<50mm 53 67.9 3833 Z=-0.407 0.684
>50mm 25 32.1 51.66

Primary lesion site
Colon 46 59.0 28.67 Z=-0.864 0.388
Rectum 32 41.0 51.56

Lymphatic metastasis
No 12 23.1 13.11 Z=-1.608 0.108
Yes 40 769 52.56

Pathological differentiation

Well/Moderately 31 62.0 29.44 Z=-0.900 0.368
Poorly/Mucinous adenocarcinoma 19 38.0 53.00

CEA
<200 53 67.9 3833 Z=-0.380 0.704
>200 25 32.1 43.00

CAI199
<100 38 48.7 25.56 Z=-3.484 0.000
>100 40 51.3 57.00

Ras/Braf status
Wild type 24 45.3 50.56 Z=-0.259 0.795
Mutant type 29 54.7 45.22

Concomitant extrahepatic disease
No 38 48.7 28.11 Z=-2.5I5 0.012
Yes 40 51.3 55.00

Abbreviations: CAFs, cancer-associated fibroblasts; HSCs, hepatic stellate cells; MFs, myofibroblasts; aHSCs, activated hepatic stellate cells; MCTI, monocarboxylate
transporter |; LDHB, lactate dehydrogenase B; a-SMA, alpha-smooth muscle actin; CRLM, colorectal liver metastases; PD, progressive disease; SD, stable disease; PR, partial
response; CCK-8, Cell Counting Kit-8; IHC, immunohistochemistry; ELISA, enzyme-linked immunosorbent assay.

(BAY11-7082) and exosomes, and it was found that the compared to HSCs (Figures 3E and S2A, B, P>0.05).
expression of IL-6 in aHSCs and that secreted by aHSCs  Collectively, it can be concluded that tumor-derived exosomes
were significantly reduced, which did not differ markedly as  promoted IL-6 secretion by activating NF-kB in aHSCs.
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Figure 2 Tumor-derived exosomes induce the activation of HSCs. (A) Typical electron microscopy images of exosomes secreted by colorectal cancer (LoVo and HCT1 16;
Scale bar, 100 nm). (B) NanoSight particle-tracking analysis of exosomes from LoVo and HCT116. (C) The total cell lysates and exosomes of LoVo and HCTI16 were
analyzed by Western blot using the antibody against exosomal proteins (CD9, TSG101). (D) The imaging reveals the delivery of Dio-labeled exosomes (green) to Dil-labeled
HSCs (red). The yellow arrows indicate the delivered exosomes, and the representative images are presented (Scale bar, 10 um). (E) Immunofluorescence staining for the a-
SMA expression of HSCs and tumor-derived exosomes pretreated HSCs. Scale bar, 20 um. (F) PCR and Western blot analyses of the expression of a-SMA in aHSC. (G)
IHC was performed to analyze a-SMA in the liver metastases of colorectal cancer patients. N=3; *P<0.05.

In the present study, the expression of p-ERK and
p-AKT increased significantly in aHSCs as compared to
HSCs (Figure 3F). Next, the p-ERK and p-AKT proteins
were detected in colorectal tumor-derived exosomes
(Figure 3G). In order to further validate the regulatory
effects of p-AKT and p-ERK on aHSCs, MK226 and
U0126 were employed to inhibit the p-AKT and p-ERK
in aHSCs. Consequently, we observed that both MK226

and U0126 inhibits the expression of NF-kB in the nucleus

of aHSCs, and also inhibits the expression of IL-6 in
aHSCs at both the mRNA and protein levels (Figure
S2C-E, P>0.05). MK226 or U0126
decreased the IL-6 secretion through aHSCs, but the com-

Furthermore,

bined inhibitory effect was better than that of the single-
use, resulting in no significant difference as compared to
HSCs (Figure 3H, P>0.05). Therefore, it was concluded
that colorectal tumor-derived exosomal p-AKT and p-ERK
regulated the NF-kB-dependent IL-6 production in aHSCs.
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Figure 3 P-ERK and p-AKT in tumor-derived exosomes regulate IL-6 secretion. (A)

ELISA was used to detect the concentration of IL-6 in the cultured medium of HSCs and

aHSCs (LoVo and HCT | 16 exosome-treated HSCs). (B) PCR and Western blotting for the IL-6 expression of HSCs and tumor-derived exosomes pre-treated HSCs. (C)
IHC was performed to analyze 0-SMA and IL-6 in the liver metastases of colorectal cancer patients. (D) Western blotting analysis of the expression level of p65 in the
cytoplasm and nucleus of HSCs and aHSC:s. (E) ELISA was used to detect the concentration of IL-6 in the medium of HSCs and aHSCs, with or without NF-kB inhibitors
(BAY11-7082). (F) Western blotting analysis of the expression of p-ERK, ERK, p-AKT and AKT in HSCs and aHSCs. (G) Western blotting analysis of the expression of
p-ERK, ERK, p-AKT and AKT in the exosomes of LoVo and HCT 1 16. (H) ELISA was used to detect the concentration of IL-6 in the cultured medium of HSCs and aHSCs
treated with MK226 and U0126. N=3; ns, no significant difference; *P<0.05; **P<0.001.

Activated HSC-Secreted IL-6 Confers

SN38 Resistance to Hypoxic Tumor Cells
In order to determine whether aHSCs regulate the resistance of
colorectal cancer cells to irinotecan, the conditioned medium of
aHSCs or HSCs was used to culture LoVo and HCT116 cells.
The CCK-8 assay revealed that the conditioned medium of
aHSCs increased the viability of LoVo and HCT116 in response
to SN38, while hypoxic LoVo and HCT116 cells exhibited an
obvious increase as compared to the normoxic cells (Figure 4A).

Additionally, we found that the conditioned medium of aHSCs
educed the apoptosis of hypoxic LoVo and HCT116 as compared
to the conditioned medium of HSCs (Figures 4B and S3A,
P<0.001). Furthermore, the expression of the pro-apoptotic pro-
tein (Bax) decreased while the expression of the anti-apoptotic
protein (Bcl-2) increased in the conditioned medium of aHSCs as
compared to HSCs (Figure 4C). These findings demonstrated
that HSC:s activated by tumor-derived exosomes conferred SN38
resistance to hypoxic tumor cells by inhibiting apoptosis.
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Figure 4 Activated HSC-secreted IL-6 confers the SN38 resistance to hypoxic tumor cells. (A) Cell viability assays with LoVo and HCT 116 at 48 h after co-culture with the
HSC medium or aHSC medium, and 80 nM of SN38 with or without 100 uM of CoCl,. (B) Flow cytometric analysis of the apoptosis in LoVo and HCT 1 16 cells after 48 h of
the indicated treatment. (C) Western blot analysis of the expression level of Bcl-2 and Bax in LoVo and HCT I 16 cells after 48 h post-treatment. (D) Cell viability assays with
LoVo and HCTI 16 after the co-culture with the HSC medium or aHSC medium and CoCl,, SN38 and IL-6 neutralizing antibodies. (E) Flow cytometry analysis of the
apoptosis in LoVo and HCT 116 cells after 48 h of the indicated treatment. (F) Western blot analysis of the expression level of Bcl-2 and Bax in LoVo and HCT 1 16 cells after
48 h of the indicated treatment. N=3; ns, no significant difference; *P<0.05; **P<0.001.

Next, it was determined whether IL-6 is involved in promoting
drug resistance in hypoxic tumor cells. The CCK-8 and flow
cytometric analysis revealed that the IL-6 neutralizing antibody
eliminated the altered viability and apoptosis in SN38-stimulated
hypoxic tumor cells (Figures 4D-F and S3B, P<0.001).
Furthermore, it was observed that exosome-activated HSCs pro-
moted the drug resistance of hypoxic tumor cells by secreting IL-6.

IL-6 Regulates the Hypoxic Tumor Cell
Lactate Metabolism Involved in SN38
Resistance

Tumor cells have high metabolic plasticity, and lactate plays

amajor role in the metabolic symbiosis among tumor cells due

to the uneven supply of oxygen and glucose inside the tumor
tissues.”* MCT1 is a critical transporter of lactate in tumor
cells, and LDHB is a key enzyme that converts lactate into
pyruvate, which provides energy to these cells.”>*® In the
present study, the expression of MCT1 and LDHB was
increased at both the mRNA and protein levels in hypoxic
LoVo and HCT116 cells treated with the conditioned medium
of aHSC:s (Figures 5SA and S4A). The ATP assay revealed that
these cells released more ATP as compared to the control
group (Figure 5B, P<0.001). However, it was observed that
the treatment with MCT1 siRNA or LDHB siRNA restored
the production of ATP in LoVo cells treated with the condi-
tioned medium of aHSCs, and the combined effect of the two
siRNAs was rather distinct (Figures 5C and S4B, P<0.001). In
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Figure 5 IL-6 is involved in SN38 resistance by regulating the lactate metabolism of tumor cells. (A) Western blot analysis of the expression level of MCT1 and LDHB in LoVo and
HCT116 cells at 48 h after co-culture with HSC medium or aHSC medium with CoCl, and SN38. (B) The relative production of ATP by LoVo and HCT | 16 cells after 48 h of the
indicated treatment. (C) The relative production of ATP by LoVo treated with MCT | siRNA and LDHB siRNA after co-culture with HSC medium or aHSCs medium with CoCl, and
SN38. (D) Cell viability assay with LoVo after 48 h of the indicated treatment. (E) Flow cytometric analysis of the apoptosis in LoVo after 48 h of the indicated treatment. (F)
Western blot analysis of the expression level of MCT| and LDHB in LoVo and HCT 16 cells after co-culture with the HSC medium or aHSC medium and CoCl,, SN38, and IL-6
neutralizing antibodies. (G) The relative production of ATP by LoVo and HCT | 16 cells after 48 h of the indicated treatment. N=3; ns, no significant difference; *P<0.05; **P<0.001.

addition, the treatment with MCT1 and LDHB siRNAs elimi-
nated the alteration of the viability and apoptosis in SN38-
stimulated hypoxic tumor cells, as assessed by CCK-8 and
flow cytometry (Figures 5D, E and S4C, D, P<0.001). These
results revealed that aHSCs help hypoxic tumor cells in con-
suming lactate by upregulating MCT1 and LDHB, in order to
generate energy against SN38. Furthermore, the IL-6 neutra-
lizing antibody treatment significantly decreased the expres-
sion of MCT1 and LDHB of SN38-stimulated hypoxic tumor
cells in the conditioned medium of aHSCs at both mRNA and
protein levels; also, the production of ATP significantly
decreased (Figures 5F, G and S4E, P<0.05). These findings
demonstrated that the IL-6 secretion of aHSCs regulates the
lactate metabolism of hypoxic tumor cells to confer drug

resistance.

Activated HSCs Enhance Lactate
Metabolism via the IL-6/STAT3 Pathway in

Tumor Cells

Our previous study revealed that p-STAT?3 is a crucial tran-
scription factor in the resistance to vemurafenib in colorectal
cancer cells with BRAF mutations.”” However, the correla-
tion between STAT3 and resistance to irinotecan in patients
with CRLM remains unclear. In the present study, the level of
p-STAT3 in hypoxic LoVo and HCT116 cells was upregu-
lated in the conditioned medium of aHSCs and that the I1L-6
neutralizing antibody decreased the expression of p-STAT3
(Figure 6A and B). Next, 2 uM and 5 uM of p-STAT3
inhibitor (Stattic) was used to treat the SN38-stimulated
hypoxic LoVo and HCT116 cells, and 5 uM of Stattic was
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Figure 6 Exosome-activated HSCs enhance the lactate metabolism by activating the IL-6/STAT3 pathway in tumor cells. (A) Western blot analysis of the expression level of
p-STAT3 and STAT3 in LoVo and HCT 116 cells at 48 h after co-culture with HSCs medium or aHSCs medium with CoCl, and SN38. (B) Western blot analysis of the
expression level of p-STAT3 and STAT3 in LoVo and HCT | 16 cells at 48 h after co-culture with the HSCs medium or aHSCs medium and CoCl,, SN38 and IL-6 neutralizing
antibodies. (C) Western blot analysis of the expression level of p-STAT3 and STAT3 in LoVo and HCT 1 16 cells at 48 h after co-culture with the HSCs medium or aHSCs
medium and CoCl,, SN38 and Stattic. (D) Cell viability assays with LoVo and HCT16 cells after 48 h of the indicated treatment. (E) Flow cytometric analysis of the
apoptosis of LoVo and HCT 116 cells after 48 h of the indicated treatment. (F) Western blot analysis of the expression level of Bcl-2 and Bax in LoVo and HCT | 16 cells after
48 h of the indicated treatment. (G) Western blot analysis of the expression level of MCT| and LDHB in LoVo and HCT 1 16 cells after 48 h of the indicated treatment. (H)
The relative production of ATP by LoVo and HCT 116 after 48 h of the indicated treatment. N=3; ns, no significant difference; *P<0.05; **P<0.001.

sufficient to inhibit the expression of p-STAT3 and restrain
the viability of these cells (Figure 6C and D, P<0.001).
Similarly, when SN38-stimulated LoVo and HCT116 cells

were treated with Stattic, the apoptosis of hypoxic cells

STAT3 has been shown to regulate LDHB in various
tumor cells and MCT1 in cervical cancer.”®*’ The Western
blot and PCR analyses revealed that Stattic and STAT3
siRNAs can decrease the expression of LDHB and MCT1 in

decreased in the conditioned medium of aHSCs (Figures  SN38-stimulated hypoxic tumor cells in the conditioned med-

6E, F and S5A, P<0.001). Therefore, it can be considered
that the activation of the IL-6/STAT3 pathway confers the
drug resistance of hypoxic tumor cells.

ium of aHSCs at both mRNA and protein levels (Figures 6G
and S5B-D). In addition, Stattic and STAT3 siRNAs elimi-
nated the increase in ATP production (Figures 6H and S5SE,
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Figure 7 Scheme of the proposed mechanisms (A) The tumor microenvironment of the liver metastases mainly comprises of endothelial cells, macrophages, HSCs,
activated HSCs and tumor cells. The tumor cells around the blood vessels were oxygenous, while those farther away from the blood vessels were in a hypoxic state. (B)
Normoxic tumor cells secreted exosomes that carried p-ERK and p-AKT, in order to convert HSCs into aHSCs. The p-ERK and p-AKT signaling pathways were activated to
target p65 to increase the secretion of IL-6. The cultured supernatant of aHSCs enhanced the lactate metabolism of tumor cells by activating the IL-6/STAT3 pathway and

upregulating MCT | and LDHB to produce ATP to confer drug resistance.

P<0.001). Thus, it can be considered that activated HSCs
regulate the lactate metabolism via IL-6/STAT3 pathway and
upregulate the level of MCT1 and LDHB to promote the
resistance of hypoxic tumor cells against SN38.

Discussion

The reprogramming of cellular metabolism is a hallmark
of various tumors.>® Metabolic programs play a crucial
role in sustaining the growth, progression and immune
evasion of tumor cells. Several studies have delineated
that metabolic rearrangements were effectively facilitated
by oncogene activation and tumor suppressor loss. These
results indicated that colorectal tumor-derived exosomes
activate the HSCs, and that the IL-6 secreted by HSCs
induced chemotherapeutic resistance by enhancing lactate
metabolism. HSCs are the major components of the liver
microenvironment, and the activation and migration of
HSCs play a vital role in the progression of hepatocellular
carcinomas.’'** Pancreatic cancer has a significant char-
acteristic of metastasizing to the liver, and pancreatic
to activate

cancer cells secrete metalloproteinases-1

HSCs and create a pre-metastatic niche.>* Furthermore,

exosomes have attracted considerable attention in mediat-
ing the crosstalk between cells and the cellular
microenvironment.>* Previous studies found that hepato-
cellular tumor-derived exosomes activate HSCs and accel-
erate tumor progression.”> However, it remains unclear
whether colorectal tumor-derived exosomes sustain tumor
cell survival by activating HSCs (Figure 7A). In the pre-
sent study, it was found that HSCs take up colorectal
tumor-derived exosomes and highly express o-SMA.
Activated HSCs pave the way for the invasion, metastasis
and colonization of tumor cells through paracrine factors,
which consist of chemokines, cytokines and angiogenic
factors. CAFs facilitate cell proliferation and angiogenesis
in colorectal tumors through paracrine IL-6.>° However,
the correlation between activated HSCs and IL-6 secretion
in the metastatic liver microenvironment is yet to be
elucidated.

Tumor-induced inflammation serves as a critical compo-
nent and key driver in the tumor microenvironment. IL-6 is
a pleiotropic cytokine that regulates a variety of cellular func-
tions, including cell proliferation, cell differentiation, immune
mechanisms  and responses.”’

defense inflammatory

A previous study revealed that IL-6 affects tumor progression

submit your manuscript

7862

Dove

OncoTargets and Therapy 2020:13


http://www.dovepress.com
http://www.dovepress.com

Dove

Li et al

by interfering with cell adhesion, motility, thrombosis and
tumor-specific antigen expression.®® In addition, IL-6 is corre-
lated to the survival of advanced colorectal cancer and can be
used as a potential biomarker for colorectal cancer
diagnosis.**** However, the association of IL-6 and irinotecan
resistance in colorectal tumors has not been widely studied. In
the present study, normoxic tumor-derived exosomes deliv-
ered p-ERK and p-AKT to activate HSCs and increased the
secretion of IL-6. Furthermore, the conditioned medium of
activated HSCs activates the IL-6/STAT3 pathways to confer
the drug resistance to tumor cells. The IL-6 expression was
significantly increased in the plasma of irinotecan-resistant
patients and correlated with poor prognosis. CAFs promoted
proliferation, migration, and invasion in melanoma and non-
small cell lung cancer by regulating oxidative mitochondrial
metabolism.*"** In this study, the data indicated that aHSCs
activate the IL-6/STAT3 pathways and upregulate the down-
stream MCT1 and LDHB to take full advantage of the lactate,
in order to generate ATP as a response to chemotherapy drugs.
In addition, MCT1 effectively mediates the passive transport
of lactate, and LDHB is a key enzyme for reprograming the
metabolism in the tumor microenvironment.*** Also, the
expression of MCT1 and LDHB in liver metastases and SN38-
resistant patients with colorectal cancer was significantly upre-
gulated. Therefore, it was speculated that MCT1 and LDHB
could be combined as predictive markers for the diagnosis of
colorectal cancer.

Conclusion

The results of the present study indicated that normoxic
tumor-derived exosomes deliver p-ERK and p-AKT to acti-
vate HSCs and increase the secretion of IL-6. The condi-
lactate
metabolism by stimulating the IL-6/STAT3 pathway to confer

tioned medium of activated HSCs enhances
drug resistance in colorectal cancer cells (Figure 7B). These
findings illuminate a novel mechanism underlying the repro-
gramming of metabolism between tumor and stromal cells,
wherein IL-6 and lactate metabolism are the key contributors,
deeming these as potential biomarkers and therapeutic targets
for the resistance of advanced colorectal cancer.
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